A laboratory study on risk assessment of microcystin-RR in cropland by Liu Bibo et al.
ARTICLE IN PRESS0301-4797/$ - se
doi:10.1016/j.je
$No studies
Correspond
fax: +8602768
E-mail addrJournal of Environmental Management 86 (2008) 566–574
www.elsevier.com/locate/jenvmanA laboratory study on risk assessment of microcystin-RR in cropland$
Liu Biboa,b, Gong Yana,b, Xiao Bangdinga,b, Liu Jiantonga,, Liu Yongdinga
aInstitute of Hydrobiology, The Chinese Academy of Sciences, Wuhan, Hubei Province 430072, China
bGraduate School of the Chinese Academy of Sciences, Beijing 100039, China
Received 14 March 2006; received in revised form 11 September 2006; accepted 12 December 2006
Available online 27 April 2007Abstract
The persistence time and risk of microcystin-RR (MC-RR) in cropland via irrigation were investigated under laboratory conditions. In
order to evaluate the efﬁciency of the potential adsorption and biodegradation of MC-RR in cropland and the persistence time of MC-
RR for crop irrigation, high performance liquid chromatography (HPLC) was used to quantify the amount of MC-RR in solutions. Our
study indicated that MC-RR could be adsorbed and biodegraded in cropland soils. MC-RR at 6.5mg/L could be completely degraded
within 6 days with a lag phase of 1–2 days. In the presence of humic acid, the same amount of MC-RR could be degraded within 4 days
without a lag phase. Accordingly, the persistence time of MC-RR in cropland soils should be about 6 days. This result also suggested the
beneﬁcial effects of the organic fertilizer utilization for the biodegradation of MC-RR in cropland soils. Our studies also demonstrated
that MC-RR at low concentration (o10 mg/L) could accelerate the growth of plants, while high concentration of MC-RR (4100 mg/L)
signiﬁcantly inhibited the growth of plants. High sensitivity of the sprouting stage plants to MC-RR treatments as well as the strong
inhibitory effects resulting from prolonged irrigation further indicated that this MC-RR growth-inhibition may vary with the duration of
irrigation and life stage of the plants.
r 2007 Published by Elsevier Ltd.
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Microcystins (MCs) are a group of heptaptide hepato-
toxins produced by cyanobacteria in eutrophic freshwater
(Carmichael, 1996; Carmichael and Falconer, 1993). Many
of them are known for their tumor promoting activity
(Falconer, 1991), especially as risk factors for liver cancer
(Harada, 1996; Ueno et al., 1996; Yu, 1995). MCs normally
exist inside cyanobacterial cells and enter the surrounding
water after cell lysis (Watanabe et al., 1992). When
cyanobacteria-containing water is used as an irrigation
source, it is possible for a large amount of MCs being
released into the cropland.
The growth inhibitory phenomenon of MCs was ﬁrst
observed in white mustard (S. alba) seedlings (Ko´s et al.,
1995). MCs were also found to inhibit photosynthesis ofe front matter r 2007 Published by Elsevier Ltd.
nvman.2006.12.040
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ess: Jtliu@ihb.ac.cn (L. Jiantong).Phaseolus vulgaris primary leaves (Abe et al., 1996). By
using radioactive cyanotoxin, a large amount of MCs
(5.3mg toxin/kg) has been observed to accumulate in plant
tissues (Kurki-Helasmo and Meriluoto, 1998). MCs had
been detected in the tissues of toxin exposed plants using a
commercialized ELISA kit, suggesting that the uptake of
these toxins by edible plants may have signiﬁcant implica-
tions to human health (McElhiney et al., 2001). MC-LR
could exist as a glutathione conjugate formed enzymati-
cally via soluble glutathione S-transferase in various
aquatic organisms including plants (Ceratophyllum demer-
sum), invertebrates (Dreissena polymorpha, Daphnia mag-
na), and ﬁsh (Danio rerio Pﬂugmacher et al., 1998). This
formation of this conjugate appears to be the ﬁrst step in
the detoxication of cyanobacterial toxin in aquatic organ-
isms. The toxin was found to have little effect on growth
for up to 18 days, but impaired the development of the
roots of exposed plants, causing them to take up
approximately 30% less growth medium than those grown
in the absence of toxin. Hamvas et al. (2002) described the
inhibitory effects of MC-LR on growth, lateral root
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mustard seedlings (a model system) and proved that MC-
LR induces necrosis on mustard seedlings, in particular on
the cotyledons and in tissues with high ssDNase activity.
During exposure of C. demersum to the cyanobacterial
toxin MC-LR at a concentration of 5.0mg/L, an elevation
of microsomal and cytosolic glutathione S-transferase was
observed, indicating the initiation of the glutathione-toxin
conjugate formation. The SOD as well as the increased
hydrogen peroxide levels in parallel provide the evidence
for oxidative stress in the aquatic plant. Other reactive
oxygen detoxiﬁying enzymes might also be elevated. In
addition, the glutathione pool is affected, represented by
reduced glutathione and glutathione disulﬁde concentra-
tion (Pﬂugmacher, 2004). Chen et al. (2004) also suggested
signiﬁcant growth inhibition effect of MCs to rice and rape.
While SOD and peroxidase (POD) may take place in plant
stress response process, the increase of ROS contents in
plant cells by MC-RR has been reported recently (Yin et
al., 2005a). These observations suggested a phenomenon
that the exposure of MC-RR would cause a oxidative stress
in plant cells in addition to its known toxic components,
which is also manifested as an oxidative stress, contributing
to its deleterious effects. On the other hand, evidence also
indicated that plant cells would improve their antioxidant
abilities to combat MC-RR induced oxidative injuries
simultaneously. Furthermore, in Vallisneria natans seed-
lings, MC-RR could accumulate differentially in the roots
and leaves. Such toxin accumulation in the roots and leaves
were time- and dose-dependent, with a high uptake
detected in the roots. It was also suggested that MC-RR
could be up-taken by V. natans, and result in develop-
mental retardation (Yin et al., 2005b).
It is known that MCs could be adsorbed into soils and
lake sediments (Miller et al., 2001; Jin et al., 2001). The
biodegradation (BD) of MCs in lake water and lake
sediments has been reported previously (Holst et al., 2003;
Christffersen et al., 2002; Takenaka and Watanabe, 1997;
Jin et al., 2001). However, the environmental fate and effect
of MCs in cropland remains unknown. It is also intriguing
to know the toxicological effects of MCs for different life
stages of crop, since most of the previous reports of MCs’
plant growth inhibitory effects were made with the sprouting
plants only. (Ko´s et al., 1995; Kurki-Helasmo and
Meriluoto, 1998; McElhiney et al., 2001; Chen et al., 2004).
In our present study, the adsorption and BD of MC-RR
in cropland soils were investigated under laboratory
conditions. The persistence time of MC-RR in cropland
and its inﬂuences of MC-RR on the growth of rape and
cabbage were also studied.
2. Material and methods
2.1. Material and reagents
The soil was collected from a leek cropland being
irrigated with the water of Lake Dianchi. Lake Dianchi isthe largest lake in Yunnan province, and the sixth largest
fresh water lake in China (longitude 10212900–10310100 east,
latitude 2412900–2512800 north). Since the 1980s, eutrophica-
tion of the lake water has increased steadily and heavy
cyanobacterial blooms (mainly composed of Microcystis
spp. and Anabaena sp.) occurs in each warm season. MC-
RR was reported as the main variant of MCs in the lake
(Chen et al., 2004), with its concentrations higher than
other forms of MCs by several folds. Water from the lake
has been used as drinking and irrigation source for the
area.
Soils were dried, ground and saved under room
temperature. MC-RR was extracted from cyanobacterial
powder of Lake Dianchi with 75% methanol (Chen
et al., 2005). After evaporation of methanol, the extract
of MC-RR was diluted with distilled water. To imitate
the natural condition, no puriﬁcation process was carried
out.
All reagents used in the experiment were of the analytical
pure grade. Humic acid (HA) was purchased from Sigma
(Aldrich chemical company, Sigma). Seeds of rape
(Brassica napus L., Zhong You 821, Institute of Oil Crop
Research, Chinese Academy of Agriculture Sciences) and
cabbage (Brassica chinensis L., Si ji zhong qi xiao bai caiy,
Wuhan Jiu Tou Niao Seeds) were purchased from local
seed market.2.2. Experiment method
2.2.1. The adsorption of MC-RR onto cropland soils
Different amounts of soil (0, 1, 2, 3, 4, 5, 6, 7, 8 g)
were added into nine 50ml conical ﬂasks containing 30ml
MC-RR solution (1mg/L) to evaluated the adsorption
of MC-RR into cropland soil. Sodium azide (NaN3)
(0.002% w/v) was added into these conical ﬂasks to
prevent MC-RR from BD (Ding and Wu, 1997). All the
conical ﬂasks were placed on an orbital shaker (HZQ-F,
China) and shake at 110 rpm (Miller et al., 2001) at 25 1C
for 24 h.2.2.2. Biodegradation in sediment
A 1.0 g soil was added into three conical ﬂasks contain-
ing 30ml MC-RR solution. In order to investigate the
inﬂuence of organic materials on the BD, HA was added
into another three ﬂasks with same MC-RR solution and
soil mixture. Three more ﬂasks of MC solution with NaN3
were used as controls. All the conical ﬂasks were placed on
an orbital shaker (HZQ-F, China) and mixed at 110 rpm
and 25 1C for 24 h (Miller et al., 2001). Samples were kept
at the same condition for another seven days, or until all
the MC-RR were degraded. The amount of toxin remain-
ing in solution was monitored so as to evaluate the amount
of adsorption and BD. All the samples were ﬁltered
through a 0.45 mm ﬁlter, and 20 ml of these solutions were
injected into the High performance liquid chromatography
(HPLC) system for detection.
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and cabbage
The germination test was mainly developed based on the
method described previously by Chen et al. (2004). The
concentrations of MC-RR extract was 0, 1, 10, 100, and
1000 mg/L. Before the germination experiments, seeds were
treated in various concentrations of the extract for 24 h.
The germination test was carried out in the culture with
four layers of pledget in petridishes (F90mm). The pledget
was saturated with 30ml of MC-RR extract or distilled
water as control group. The amount of 100 seeds were
placed in each dish. Three replicate dishes were used for
every concentration of MCs. The dishes were placed at
25 1C, and illuminated by ﬂuorescent lights, with a daylight
photon ﬂux density of 150mmol/m2 s in the center, which
maintained a 12 h photoperiod. During germination, 15ml
of the extract at designed concentration was added to
prevent dryness of the culture.
The percentage of sprout was observed everyday, and
the lengths and weights of plants were measured on the 7
day post-treatment.
2.2.4. The influence of different irrigation durations on the
growth of rape
The MC-RR concentration was set at 1000 mg/L (the
same in Section 2.2.5). Each group was irrigated with MC-
RR solution for 0, 2, 4, 6, and 8 days, and followed with
distilled water.
Fresh weight, plant length, SOD, TTC and chlorophyll
were measured on the 10 day post-treatment.
2.2.5. The growth inhibitory effects of irrigation on different
life stages of the rape
According to the persistence time, the duration of the
irrigation time was set at 7 days. The irrigation treatments
began before sprouting, or at the end of germination, or on
the ﬁfth day after germination. The control was irrigated
with distilled water.
Fresh weight, plant length, SOD, TTC and chlorophyll
were monitored on 20 and 30 day post-treatments.
2.3. Analysis method
SOD activity detection was based on the method
described by Giannopotitis and Ries (1977). About 0.2 g
of plant leaf tissue was ground into slurry with a mortar
and pestle in 2ml of phosphate buffer (pH 7.8) in an ice
bath. The homogenates were centrifuged at 12,000 g at 4 1C
for 10min, and the supernatants were kept at 4 1C prior to
use. One unit of the enzyme activity was deﬁned as the
amount of enzyme required to result in a 50% inhibition of
the rate of nitro blue tetrazolium reduction measured at
560 nm (Yin et al., 2005a).
TTC (2, 3, 5-triphenyl tetrazolium chloride): The
viability test was carried out according to the method of
Towill and Mazur (1975). The absorbance was measured at
485 nm.For analysis of chlorophyll content, each plant was
extracted in 0.5ml of 90% acetone with mortars and pestles
kept on ice. The absorbance was measured at 664 and
647 nm. The amounts of chlorophylls a and b (mg) per mg
of wet weight of cells were calculated using the equations
below, which were described by Geider and Osbome
(1992):
Chl a ðmg=dmÞ ¼ 11:93 abs 664 1:93 abs 647,
Chl b ðmg=dmÞ ¼ 20:36 abs 647 5:5 abs 664.
MC-RR analysis: The HPLC-system consisted of a
waters-600 controller, 600 pump, 600 dual l absorbance
detector (monitoring between 200 and 300 nm) and column
(BDS Hypersil C18 250  4:6 mm i.d.). The column
temperature was kept at 25 1C and with the carriage gas
(helium) ﬂow rate at 30mL/min. The mobile phase
(methanol: water (MilliQ) with 0.1% TFA ¼ 62:38) ﬂow
rate was set to 1mL/min and injection volume of sample
was 20 mL. Concentration of MC-RR was determined
according to the MC-RR standard (obtained from Sigma).
All experiments were repeated at least twice. Signiﬁcant
differences between each treatment groups were deter-
mined with student t-test at po0.05.
3. Results
3.1. The adsorption of MC-RR into cropland soils
For this study, it has to be pointed out that the
concentration and volume of MC-RR was set, while the
dose of soil varied from 0 to 8.0 g. The toxin: soil ratio
measured varied from 3.75 to 30 mg/g. As shown in Fig. 1,
the MC-RR could be adsorbed into the cropland soil. With
the increasing dose of soil, the ratio between the ﬁnal
concentration of MC-RR in the solution and that in the
soil signiﬁcantly decreased. The highest adsorption capa-
city of soil to MC-RR in this experiment was 9.94 mg/g,
when the ﬁnal concentration of MC-RR was 0.93mg/L in
ﬁnal solution after the treatment.
3.2. The biodegradation of MC-RR in cropland soils
As shown in Fig. 2, being mixed with cropland soils,
MC-RR (6.5mg/L) could be completely biodegraded
within 6 days. With the addition of HA, the BD time
could be further reduced to 4 days without any lag phase.
The loss rate of MC-RR in this experiment is shown in
Fig. 3. On the ﬁrst day, the loss of MC-RR should be
mainly contributed to adsorption, the addition of HA
made the HA group (BD with addition of HA) lose more
MC-RR than that of the BD group. From the second day
on, the speed of both groups increased with the duration of
the treatment. The loss rate of MC-RR in HA group was
faster than that of BD groups. By the ﬁfth day, all the MC-
RR in HA group was consumed, while the rate of BD
group remained unchanged.
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Fig. 1. The adsorption of MC-RR onto cropland soils. ( ) Ceq is the quantity of MC-RR adsorption onto per unit soils; (n) Qc is the ﬁnal concentration
of MC-RR in solution. Toxin/soil is the ratio between the concentration of MC-RR and the dose of soil in per unit solution.
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Fig. 2. The biodegradation of MC-RR in cropland soils. (’) MC-RR
biodegradation in cropland soils; () MC-RR biodegradation in cropland
soils with the presence of humic acid; (m) the control with NaN3.
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Fig. 3. The biodegradation rate of MC-RR in cropland soil with and
without HA; (&) MC-RR biodegradation in cropland soils; (’) MC-RR
biodegradation in cropland soils with the presence of humic acid.
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Fig. 4. Inﬂuence of MC-RR on the sprout of rape and cabbage. (&)
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(b) Cabbage.
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rape and cabbage
The sprout percentage of rape and cabbage shown in
Fig. 4 suggested that the sprouts of rapes were faster with
the treatment of 100, 10 and 1 mg/L MC-RR, than those of
the rapes in control groups with the exception in the group
treated with 1000 mg/L MC-RR. The sprouts of rapes
were slower than that in control group. The trends
of the sprouting speed for rape were 10 mg/L4100 mg/
L41 mg/L4control41000 mg/L (Fig. 4b), and 1 mg/
L410 mg/L4100 mg/L4control41000 mg/L for cabbage
(Fig. 4a).As shown in Fig. 5, the four treatments with extended
duration caused signiﬁcant changes in culture compared
with the culture that had only been treated for 7 days.
Obvious inhibition could be seen in the groups treated with
100 and 1000 mg/L MC-RR. The amount of roots
decreased with the increasing of MC-RR concentration
for both rape and cabbage seedlings. As for the treatments
with MC-RR at 1000 and 100 mg/L, a lot of yellow leafs
and seedlings lying on the pledgets could be seen, and
severe lethal effects has been observed later in the culture
(Fig. 5, I could not ﬁnd this ﬁgure).
Similar trends could be found in Fig. 6a and b. Based on
the measurement of the fresh crop length and weight, the
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Fig. 5. Growth effects for the prolonged treatment of MC-RR for rape. For this study, additional 4 more rape irrigations were performed after 7 day
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Fig. 6. inﬂuence of different dose of MC-RR on the growth of rape and
cabbage. (a) (&) Rape; (’) cabbage. Mean of 20 samples,7SE. (b) (&)
Rape; (’) cabbage. Mean of 20 samples, 7SE.
Table 1
The amount of healthy seedlings in different irrigation period treatments
Treatment Amounts of healthy seedlings
0 6772
2 6672
4 6672
6 5872
8 5472
0: control, irrigated with water; 2: irrigated with MCs solution for 2 days;
4: irrigated with MCs solution for 4 days; 6: irrigated with MCs solution
for 6 days; 8: irrigated with MCs solution for 8 days. The same in Fig. 7.
L. Bibo et al. / Journal of Environmental Management 86 (2008) 566–574570growth inhibitory effects could be seen in the crop samples
treated with MC-RR compared with their counterparts,
the plants in control groups, with the only exception of the
lowest MC-RR dosage treatment group (10 mg/L, Fig. 6).
3.4. The duration effects of the MC-RR irrigation on crop
seedlings
As shown in Table 1, the amounts of healthy seedlings in
6 and 8 groups were remarkably lower than those in other
groups. This suggested that extension of the MC-RR
treatment would cause a signiﬁcant detrimental effect onthe growth of the rape seedlings compared with those in the
groups with an less than 4 day MC-RR treatment.
On the second day, the SOD activities increased
signiﬁcantly compared with those from the no MC-RR
treated control group, suggesting an immediate oxidative
stress response caused by the MC-RR treatment. However,
according to our measurements, all the SOD activities but
the 2 day treatment group decreased with the extension of
the MC-RR treatment; and TTC activities decreased in all
the MC-RR treatment groups (Fig. 7a). It appears that the
fresh weight of rape seedlings increased with the treatment
time (Fig. 7b). The chlorophyll in seedling leafs slightly
decreased following the prolonged treatment (Fig. 7c).
Plant length collected from the groups of 6 day and 8 day
treatment demonstrated a statistically signiﬁcant increase
compared with those from the other groups in student t-
test.
3.5. The sensitivities of different life stage of rape to the
growth inhibitory effects of MC-RR
In this experiment, the amounts of healthy seedlings in
FB (from beginning) and ES (end of sprouting) groups
were remarkably lower than those of CK (control) and AS
(after sprouting) groups.
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Fig. 7. Inﬂuence of different irrigation period on the growth of rape. 0:
control, irrigated with water; 2: irrigated with MCs solution for 2 days; 4:
irrigated with MCs solution for 4 days; 6: irrigated with MCs solution for
6 days; 8: irrigated with MCs solution for 8 days. (a) (&) SOD; (&) TTC.
(b) () Fresh weight; (&) plant length. (c) () Chlorophyll.
L. Bibo et al. / Journal of Environmental Management 86 (2008) 566–574 571After 20 days treatment, the activities of SOD, TTC
(Fig. 8a) and chlorophyll (Fig. 8b) measured in FB and ES
groups decreased following the MC-RR treatment. This
indicated that the early stage of the rape was sensitive to
the inhibitory effects from MC-RR irrigation. In terms of
the overall growth aspect, only the fresh length from FB
group demonstrated a signiﬁcantly lower length (Po 0.01)
compared with those from their control groups. No
signiﬁcant difference could be found among other groups.
4. Discussions
4.1. The persistence time of MC-RR in cropland
In the present study, sodium azide, as an inhibitor of
aerobic microbial metabolism, can potentially prevent the
BD of MCs under aerobic conditions. While, according to
the study of Holst et al. (2003), MCs are susceptible to BDby facultatively anaerobic bacteria under anaerobic condi-
tions. That is to say, both adsorption and anaerobic BD
may cause the loss of MC-RR in the presence of sodium
azide. However, we have measured the MC-RR concentra-
tions versus time in sterile soil. The result was the same to
that of normal soil with the presence of sodium azide,
which suggested that no anaerobic BD happened.
It has been suggested that MC-RR could be adsorbed
into ﬁne-grained natural clay particles (Morris et al., 2000).
The study of Miller et al. (2001) also indicated that MC-
RR could be adsorbed into ﬁeld soil, with various
adsorption capacities depending on the pH, ions strength
and many other factors. In the previous studies from our
laboratory (Jin et al., 2001), it is also recognized that MCs
could be adsorbed into the sediments from Lake Dianchi.
These results clearly demonstrated that MCs could be
adsorbed into natural particles, soils and lake sediments.
So it is reasonable that cropland soils have the ability to
adsorb MC-RR, and it is possible for MC-RR to persist in
cropland soils for a certain period.
Previously, it had been reported that the BD times of
MC-LR varied from 8 to 49 days (Holst et al., 2003;
Christffersen et al., 2002; Takenaka and Watanabe, 1997).
An exceptional case reported by Ishii et al. (2004) suggested
a quick degradation of MC-LR in 4 days at 6mg/L initial
concentration. However, MC-RR has been suggested to be
easily degraded in sediment of Lake Dianchi, with the
degradation time varying from 3 to 9 days (Jin et al., 2001).
The observation of MC-RR BD could be supported by
the study of Miller et al. (2001), which demonstrated that
loss of MC in different soils was controlled by a fast
adsorption to soil particles and a slower microbial
degradation. Soils with a high content of organic matter
and clay were most efﬁcient in removing MC, probably due
to a higher binding capacity for organic substances as well
as a large surface area for bacterial attachment. Organic
substance has been indicated as a carbon source at anoxic
condition (Holst et al., 2003). These results suggested that
the addition of organic materials would accelerate the BD
of MC-RR. The results show that the use of organic
fertilizer will accelerate the process of MC-RR BD in
cropland soils.
In present study, only the MC-RR remaining in solution
was detected, it is still unknown whether there will remain
as toxins in soil. However, some minor physiological effects
observed with the use of such high MC-RR concentrations
in the experiment highly suggested that bacteria in crop-
land could have degraded MCs of certain concentration
within 6 days.
It is well known that photolysis is another important
path for the degradation of MCs under natural conditions.
However, only adsorption and BD were investigated in this
study. So under ﬁeld conditions, the degradation of MC-
RR could be more rapid than what we have seen in this
laboratory study. Therefore, a reasonable speculated
persistence time of MC-RR in cropland might be even less
than 6 days.
ARTICLE IN PRESS
0
100
200
300
400
500
0
2
4
6
8
ck FB ES AF
ck FB ES AF
TTC 20.1754386 15.0877193 14.73684211 18.24561404
466.6666667SOD 166.6666667
191.6666667 241.6666667
Chl mg/g
plant length cm
1.14 0.68405 0.5281075 0.7254875
7.25 5.59 7.28 6.82
b
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L. Bibo et al. / Journal of Environmental Management 86 (2008) 566–574572According to the persistence time observed in present
studies, crops with low irrigation frequency would suffer
less damage from MC-RR than aquatic crops and crops
with high irrigation frequency. The use of organic fertilizer
could accelerate the degradation of MC-RR in cropland. It
is also strongly suggested that time of chronic toxicity
studies should be based on the persistence time of the toxin
and the life behavior of crops.
4.2. The influence of MC-RR on plant growth
Our present germination test demonstrated that high
concentration of MC-RR (4100 mg/L) could signiﬁcantly
inhibit the growth of rape and cabbage. At the same time,
MC-RR at low concentration could even accelerate the
growth of rape (10 mg/L MC-RR) and cabbage (1 mg/L
MC-RR). Similar results could be found in the study of
Yin et al. (2005b), where growth and development
observations revealed that V. natans was relatively
insensitive to MC-RR at concentrations ranging from
0.0001 to 0.01mg/L. However, when the toxin concentra-
tion was more than 0.01mg/L, both the fresh weight andthe longest leaf length of seedlings were signiﬁcantly
reduced after a 30-day treatment. The root and leaf
numbers were signiﬁcantly decreased when the plant was
treated with 10mg/L of toxin.
Such low dose stimulation and high dose inhibition
phenomenon provides another example for the concept of
hormesis, which is a dosage–response phenomenon of plants
with some mechanistic, physiological and evolutionary
explanations. Two theories of hormesis could be used to
explain this phenomenon such as the overcompensation
explanation (Calabrese and Baldwin, 1999) and the over-
correction theory (Stebbing, 2002). The disulﬁde-thiol
interchange protein/NADH oxidase protein has been
suggested as the molecular target of the biological effects
involved in the stimulation of plant growth after low levels
of toxin exposure (hormesis, Morre´, 1998). Hormetic effects
have been reported in a highly diverse array of biological
models, for numerous organs and endpoints and chemical/
physical stressors and it is evident that no single mechanism
can account for these phenomena (Calabrese, 2005).
For the studies on the plant growth inhibitory effect of
MC-RR, the trends of SOD, TTC and chlorophyll and
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Table 2
The amount of healthy seedlings in different irrigation time treatments
Treatment Amounts of healthy seedlings
CK 4972
From beginning 3872
End of sprout 3772
After sprout 3972
CK: always irrigated with water; from the beginning (FB): irrigated with
MCs solution within the ﬁrst 7 days; the end of sprout (ES): irrigated with
MCs solution at the end of sprouting; after sprout (AS): irrigated with
MCs solution 3 days after the sprouting. The same in Fig. 8.
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decreasing of SOD, TTC and chlorophyll indicated that the
antioxidation and photosynthesis system were inhibited.
Oxidative stress had also been reported previously in other
aquatic plant (Pﬂugmacher, 2004), rape and rice (Chen
et al., 2004) and tobacco cells (Yin et al., 2005a). The
decreasing trend of TTC observed in present work also
mirrored previous study on MC-LR (McElhiney et al.,
2001). MC-LR was found to have little effect on growth for
up to 18 days, but impaired the development of the roots of
exposed plants, causing them to take up approximately
30% less growth medium than those grown in the absence
of toxin (McElhiney et al., 2001). However, for the use of
crude extraction toxin solutions in different treatments,
and organic substance contained in the toxin solution
could give the seedlings more nutrients, it is reasonable for
the plant length and fresh weight of treatments to be higher
than that in the control group.
Our results for the sensitivities of different stage of plant
to MC-RR irrigation treatment demonstrated that MC-
RR irrigation at the early life stage of the seedlings could
lead to heavy growth inhibition. The data shown in Table 2
and Fig. 8 also indicated that the oxidation and photo-
synthesis system might be inhibited. Toxin treatments at
the beginning and at the end of sprouting stage exhibited
severe plant growth inhibitory effects, while the MC-RR
treatment after sprout stage apparently only caused some
minor defects in the crop. The data of plant length and
chlorophyll indicated that the appearance of plant was not
affected if the plant was irrigated after sprouting.
Based on the present studies, MC-RR at low concentra-
tion (o10 mg/L) could not inhibit the growth of rape and
cabbage while high concentration of MC-RR (4100 mg/L)
could inhibit the growth of rape and cabbage. The degree
of inhibition also varied with the life stage of the plants.
The severe growth inhibitory effects have been observed in
the prolonged irrigation or/and irrigation at the early life
stage (sprouting stage). In this way, for avoiding environ-
mental risk, when irrigation with MCs-containing water,
the frequency should be as low as possible, and the
irrigation time should be several days or longer after
sprouting. According to the results of Kurki-Helasmo and
Meriluoto (1998) and Yin et al. (2005b), MCs could
accumulate in plant tissue after exposure to extremely highconcentration toxin solutions. MC levels observed in
healthy-looking plants in the study of Kurki-Helasmo
and Meriluoto (1998) were qualiﬁed as 5.3mg/kg.
Although, no MCs could be detected in the plant tissue
in this study with the method of Xie et al. (2004), the
irrigation for edible plants with MCs-containing water
should be avoided.5. Conclusions
Our results clearly show that MCs could be adsorbed
and biodegraded by certain bacteria in cropland soil.
Accordingly, the persistence time of MC-RR in cropland
soils was about 6 days. The result also suggested the
beneﬁcial effects of the organic fertilizer utilization for the
BD of MC-RR in cropland soils. Our studies also
demonstrated that MC-RR at low concentration
(o10 mg/L) could accelerate the growth of plants, while
high concentration of MC-RR (4100 mg/L) signiﬁcantly
inhibited the growth of plants. High sensitivities of the
sprouting stage plants to MC-RR treatments as well as the
strong inhibitory effects resulted from prolonged irrigation
observed further indicated that this MC-RR growth-
inhibition may vary with the duration of the irrigation
and the life stage of the plants.
Further study should identify the MCs-BD bacteria and
the concentration of MCs in cropland soil. Still, long-term
chronic toxic studies on different plants should be taken to
evaluate the further risk of MCs in cropland.Acknowledgments
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